Abstract-This paper proposes a novel approach for the spatial microwave power combining. Anisotropic metamatierials are employed to trim the combined electrical fields and form a single beam radiation pattern. The radiation characteristics of a binary horn antennas array are investigated both numerically and experimentally at 12 GHz. The results show that much higher combining efficiency can be achieved. Given a designed combining efficiency, the strict relative position requirements in each transmission unit are reduced in this scheme.
INTRODUCTION
In order to achieve power density high enough in the target area, there has been great interest in developing techniques for combining power from microwave and millimeter-wave power sources over past years. A variety of power combining schemes have been described in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Some groups obtained higher power by coherently summing power from several identical input channels in circuitcombining structures [1] [2] [3] . However, as the number of input channels increases, the losses induced by the mismatch effects of the power combining circuits increase so substantially that the output power will not enhance. Spatial power combining was usually implemented with several associated transmission units in free space to avoid lossy metallic waveguides [4] [5] [6] [7] , which can break the limit of the number of sources, form a single beam with low side lobes emission and achieve much larger power density on the target. Unfortunately, this scheme has strict requirements on the relative position and the phase of each element. Any relative position error between the transmission units will make a deviation of radiation direction or result in insupportable side lobes. Maintaining minimally acceptable position and phase errors is important but difficult or costly sometimes especially when the transmit power is high. Here, we would like to demonstrate how this limit can be surpassed when a simple structured anisotropic metamaterial slab is employed. Higher combining efficiency and larger combined power density on the target in far-fields can be achieved simultaneously in our strategy.
Since Veselago proposed a hypothetic material with negative values of permittivity and magnetic permeability simultaneously in 1968 [13] , metamaterials whose permittivity and permeability are not achievable in nature, have attracted much attention due to its unusual properties. Many interesting applications have been explored, including negative index of refraction [14] [15] [16] , perfect lenses [17] , cloaking devices [18] [19] [20] [21] etc. In the area of antenna applications, after Enoch et al. proposed the scheme of directive emission by embedding a line source in an ENZ (ε-near-zero) metamaterial in 2002 [22] , several attempts have been presented with analogous purposes [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Alù and co-researchers studied the possibility of using various geometries ENZ materials to tailor the phase pattern [26] . Ziolkowski discussed the propagation and scattering properties of matched metamaterials with both µ and ε near zero [27] . Limits that were considered insurmountable in conventional setups have indeed been shown to be, at least potentially, surpassed when the special materials are employed [26] .
In this paper, we propose a novel approach for spatial microwave power combining.
Anisotropic metamatierials are employed to achieve a higher combing efficiency and reduce the relative position requirements in each transmission unit. By setting the metamatierial slab in front of a binary horn antennas array, the combined electrical fields are trimmed and a single beam radiation pattern is formed. Thus the gain of the array is enhanced and a larger combined power density is achieved on the target. Compared to the holography power combining strategy presented in [10] [11] [12] [13] [14] , there is no correspondence between the transmission units' positions and the lens in our scheme, which makes it more convenient to manipulate. Furthermore, a metamaterial lens is much easier to design and manufacture than holography lenses. We investigated the radiation characteristics and the combining efficiency of a binary horn antennas array with a metamaterial slab both numerically and experimentally at 12 GHz. The results show that much higher combining efficiency can be achieved. Given a designed combining efficiency, the strict relative position requirements in each transmission unit are reduced in this scheme. Even when one antenna is rotated by 15 • , the combining efficiency is still enhanced more than 50% and a larger power density can be achieved on the target compared to that without the metamaterial slab.
BASIC PRINCIPLES AND PROPERTIES OF THE METAMATERIAL

Properties and Designs of the Metamaterial
The geometry of the metamaterial slab is shown in Figure 1 . It is a well known ENZ metamaterial structure [22, 23, 25] which is composed of two layers of copper grids with square lattices, whose period P is 4.87 mm. The width of the copper grids 2R is 0.4 mm. A type of Teflon, with the relative permittivity of 2.65 and the thickness of 1 mm, is chosen as the substrate. When the period of the square lattices P is less than the microwave wavelength, the array can be considered as plasma-like material which could be described by the dielectric function as follows [16] :
where ω and ω p are the frequency of the microwave and the plasma frequency of the array, respectively. n eff is the effective electron density. m eff is the effective mass of the electrons and q is the electron charge. Parameters of this metamaterial structure can be roughly determined as follows. Since only a part of the space is filled by metal, the average electron density of this metal thin-wire array is given by
where n is the density of electrons in the wires. Considering the effective mass of the electrons is defined as
where µ 0 is the permeability in free space. The plasma frequency of the array is decided by
where c 0 is the velocity of light in free space. For practical applications, the parameters are further optimized with numerical calculations.
Basic Principles
As mentioned above, when the media's operating frequency is slightly higher than the plasma frequency, the refractive index would be positive but much less than one and close to zero. According to the Snell's law, the refraction angle of any incident beam is close to zero and refracted beams will be perpendicular to the surface of the slab, forming a one-beam radiation as shown in Figure 2 . Basic principle of direction emission with ENZ metamaterial.
Incident beams Refracted beams n=0
From another perspective, when the relative permittivity ε r of a given material is zero, Maxwell's equations in a source-free region at a specific frequency can be written in the following form:
The magnetic field is a curl-free vector and waves have low-wavenumber indexes near zero inside the media, which implies waves propagation in this material can happen only when the phase velocity is infinitely large and there is a relatively small phase variation. For the spatial power combining, that means no matter how waves incident into this media, the combined field distribution inside ENZ metamaterials will keep uniform. These properties were employed to combine the power from each source in free space, reduce position requirements and admit some position variations of each element of the array. When the combined waves interfaced with materials with larger wave number, there will be a region of space with almost uniform phase distribution, providing the possibility for directive radiation toward the broadside to a planar interface. This phenomenon can be observed in Figure 3 , which shows the E-field distributions on the aperture of a binary horn antenna array with and without metamaterial structure in Figures 3(a) and 3(b), respectively. The combined E-field distributions on the aperture with metamaterials are much more uniform than that without metamaterials.
(a) (b) Figure 3 . The E-field distributions on the aperture (a) with and (b) without metamaterials.
NUMERICAL STUDIES AND RESULTS
As we known, the relative position and phase of each element are strictly restricted in order to radiate power toward certain direction, obtain high gain or reduce the side lobe in traditional theories. Random varieties on the relative position or phases may affect performances of the array. This problem may be solved by employing amazing properties of the ENZ slab mentioned above. As shown in Figure 4 , a binary horn antennas array is considered as an example. The relative position of antennas is dependent on the spacing H and the rotated angle θ 1 and θ 2 . We compared the gain, the side lobes and the combined power density of the array with different spacings and different angles. The radiation patterns and combining efficiencies of the array under different conditions are also investigated. Figure 5 shows the H-plane radiation patterns with different elements spacing without the ENZ slab at 12 GHz. There are great side lobes, which will reduce the combining efficiency. The elements spacing has obvious effects on the radiation patterns. When it increases, the side lobes will grow. When H is 43 mm, there are low side lobes in the combined radiation pattern. In fact, this is the ideal condition for the spatial power combining without metamaterials. However, when the spacing is 80 mm, the side lobes change to −2.0 dB, which is almost unacceptable for the power combining array. Figure 6 shows the H-plane radiation patterns with different elements spacing with the ENZ slab. When H is 43 mm, an ideal one beam like and low side lobe emission is achieved. When the distance of the elements increases, the side lobe grows. However, compared to the cases without the slab, its performances are greatly enhanced. For example, when H is 80 mm, the side lobes are decreased to −8 dB. Moreover, a higher gain of array is achieved in each case when the slab is employed. Figure 7 shows H-plane radiation patterns with different rotating angles without the ENZ slab. The effects of the rotating angles on the radiation patterns are not as obvious as that of the elements spacings. However, when antenna B is rotated by 10 • and 15 • , the side lobes reach about −3 dB. The combined power will be reduced as a large amount of power is emitted to the direction of the side lobes. As shown in Figure 8 , when the ENZ slab is employed, the patterns are greatly optimized, with the side lobes deduced to about −10 dB and gains increased about 3 dB. The gains and the side lobes are compared in Table 1 . We can see that higher gains, lower side lobes are achieved with the ENZ metamaterial slab, especially when the relative position of the antenna changes. 
Investigation of the Radiation Patterns
Investigation of the Combining Efficiency
The combined electric intensity with different spacings and rotating angles on the target which is set 3 meters away from the array in the main radiation direction are shown in Figure 9 . When metamaterials are employed, the electric intensity is much larger than that without the slab. As mentioned above, it is a perfect condition for the spatial power combining without the slab when H is 43 mm and θ 1 = θ 2 = 0 • . The combined electric intensity on the target under this condition is Figure 7 . H-plane radiation patterns with different rotating angles without the ENZ slab. Figure 8 . H-plane radiation patterns with different rotating angles with the ENZ slab.
assumed E 0 . We defined the combining efficiency as follows:
As input signals of antennas in all cases are the same, higher Table 1 . Comparations of the gains and the side lobes under different conditions.
Without the slab With the slab Figure 9 . The combined electric intensity with different spacings and rotating angles.
combined electric intensity on the target means higher power combining efficiency. Figures 10 and 11 show the increased combining efficiencies with the metamaterial slab compared that without the slab under different conditions. When the spacing between antennas or the rotating angle increases, the combining efficiency will deteriorate. However, the combining efficiencies are greatly increased as the ENZ metamaterial slab is employed. Even when the rotating angle is 15 • , the combining efficiency can be increased by more than 50%. In another word, given a designed power combining efficiency, the scheme presented above may reduce position requirements and admit some random variations of the phase for arrays. The metamaterial structure we used is frequency selective. Figure 12 shows the combining efficiency with different frequency. Only when the antenna works within the design frequency range (11.65 GHz-12.55 GHz) can it get a high combining efficiency. The array in our design works at 12 GHz, where the combining efficiency reaches twice as much as that without metamaterials. As shown in Figure 13 , the distance between two layers has great effects on the combining efficiency. Four copper cylinders were adopted and set between the two layers to keep the accuracy of this parameter when the slab is fabricated.
EXPERIMENTAL STUDIES AND RESULTS
A metamaterial slab has been fabricated and tested. As shown in Figure 14 , it is composed of two layers of copper grids with square lattices. Each layer is constructed by 16 × 35 metallic grids and the dimension of each unit grid is shown in Figure 1 . To validate the feasibility of this spatial power combining method, we conducted the experiment for two times. The horn antennas are placed allowing Figure 15 shows the layouts of the emission array (a) without and (b) with the slab. The radiation patterns of these emission arrays are tested and compared. Figure 16 shows the tested radiation patterns (a) without and (b) with the slab. As the position of the elements has some random errors, the side lobe in the radiation pattern is too large to obtain an efficient spatial power combining. However, in the same condition, the side lobe is obviously restrained and a single-beam radiation is achieved when the matematerial slab is employed. As shown in Figure 17 A, the receiving combined power is −38.5 dBm without metamaterials and it increases to −37.1 dBm as the metamaterial slab is employed.
(a) (b) Figure 18 . Tested H-plane radiation patterns (a) without and (b) with the slab. Figure 18 shows the results of the other experiment, the errors of relative position produce a large side lobe in the direction of 330 • under this condition. When the metamaterial slab is employed, this side lobe is almost disappeared. The receiving combined power is −37.6 dBm without metamaterials and it increases to −36.1 dBm as the matamaterial slab is employed, which is shown in Figure 17 B. These phenomena can be well explained by the principles introduced in part 2. Based on the results mentioned above, we can conclude that the limit of exact position requirements can be surpassed when a simple structured anisotropic metamaterial slab is employed.
CONCLUSIONS
We have proposed a novel approach for spatial microwave power combining. Anisotropic ENZ metamatierial is employed to trim the combined electrical fields and form a single beam radiation pattern.
The radiation characteristics of a binary array of horn antennas in different relative position conditions are investigated both numerically and experimentally at 12 GHz. The results show the combining efficiency can be almost doubled in our scheme. The strict relative position requirements of each transmission unit in traditional antenna arrays can be reduced. Even when one antenna is rotated for 15 • , the combining efficiency can be enhanced by 50% on the target.
